The cellular aluminum materials with relative densities of 0:1$0:25 were fabricated by the sintering method and effects of the density on mechanical properties of the cellular aluminum were investigated by compressive tests. The cellular aluminum exhibited a plateau region with a nearly constant flow stress. The stress in the plateau region increased with increasing relative density, on the other hand, the densification strain decreased with increasing relative density. Observation of the deformed cells revealed that the cell walls were bent. Besides, the stress in the plateau region was proportional to 1.9 power of the density. These suggest that plastic collapse is dominated by bending of the cell walls for the cellular aluminum produced by the sintering method.
Introduction
Cellular metals are super-light metals exhibiting unique properties such as high energy absorbing. 1) Cellular metals can be divided into two types 2) from the viewpoint of morphology; open cell metals: the solid is distributed in little columns or beams which form the cell edges, and closed cell metals: the solid is distributed in little plates which form the cell walls. To date, mechanical properties have been extensively investigated by compressive tests for open cell metals3 3, 4) and closed cell metals. [5] [6] [7] [8] [9] These studies showed that the cellular metals exhibit a plateau region with a nearly constant flow stress and that mechanical properties in a plateau region strongly depend on the density. For understanding of the plastic collapse mechanism of cellular metals, it is important to investigate the density dependence of mechanical properties.
Recently, it was reported that cellular aluminum has been fabricated by sintering aluminum powder with sodium chloride powder as a space-holding material. 10) For the sintering method, it is easy to control the pore size and porosity by selecting the size and volume of the spaceholding material. Thus, the deviation in pore size for cellular aluminum produced by the sintering method is much less than that for cellular aluminum produced by liquid-state processes.
11) Hence, cellular aluminum produced by the sintering method is suitable for investigation of effects of the density on mechanical properties. In the present paper, effects of the density on compressive properties are investigated in a relative density range of 0:1$0:25 for cellular aluminum produced by the sintering method, where the relative density is the ratio of the density of a cellular material to the density of a solid.
Experimental Procedure
Commercially available pure aluminum powder (purity = 99.9%, powder size 3 mm) was prepared. Sodium chloride (NaCl) powder (about 500 mm powder size about 600 mm) was used as a space-holding material. Figure 1 shows the scanning electron micrograph of the sodium chloride particles. The sodium chloride particles were subangular. The weight ratio of the aluminum powder to the sodium chloride powder was determined for the relative density to be 0.1, 0.15, 0.2 and 0.25. The fabrication process by the sintering method consisted of four steps; mixing, pressing, sintering and leaching. At first, the aluminum and sodium chloride powders were thoroughly mixed. The mixed powder was uniaxially pressed in a carbon die at a pressure of 20 MPa. Then, spark plasma sintering was conducted at 793 K with a pressure of 20 MPa for 5 min by using an on-off pulsed DC voltage. The sintered specimens were placed into a running hot water bath to leach out the imbedded sodium chloride particles, leaving behind the cellular aluminum.
The scanning electron micrograph of the cellular alumi- num with the relative density of 0.2 is shown in Fig. 2 . The space-holding materials were leached out. Strictly speaking, the cellular aluminum produced by the sintering method was the open cell type. However, the cell structure of the cellular aluminum was quite close to the closed cell type from the viewpoint of mechanical properties because the pores were separated by plates with little holes.
Compressive tests were carried out on the cellular aluminum at room temperature with an initial strain rate of 10 À3 s À1 . The dimensions of the cylindrical specimens for compressive tests were 20 mm Â 20 mm.
Results and Discussion
The nominal stress-nominal strain curves for the cellular aluminum with the relative density of 0:1$0:25 are shown in Fig. 3 . The cellular aluminum showed three deformation regions, i.e., an elastic region at an initial stage, then a plateau region with a nearly constant flow stress to large strain, and finally a densification region where the flow stress steeply increases, independent of the relative density in the range investigated. Inspection of Fig. 3 reveals that the stress in a plateau region increased and the densification strain, which is defined as the strain from the beginning to the end of the plateau region, decreased with increasing relative density.
Deformation of the cells in the specimen deformed to " ¼ 30% is shown in Fig. 4 , where the relative density of the specimen is 0.1. It appears that the cell walls are bent, as shown by an arrow. The variation in stress as a function of relative density both on logarithmic scale is shown in Fig. 5 , where the stress of each cellular aluminum is shown by an arrow in Fig. 3 . The relationship between the collapse stress and the relative density may be given by
where pl is the collapse stress, is the density of a cellular metal, s is the density of a solid, n and C o are constants. From the results in Fig. 5 , the n value was 1.9 for the cellular aluminum produced by the sintering method.
Gibson and Ashby 1) analyzed the collapse stress of a closed cell metal with a simple model where the cell edge is collapsed by bending and the cell wall is collapsed by stretch. According to their result, the collapse stress of a closed cell metal is given where is the fraction of solid in the edges, C 1 and C 2 are constants. In the right equation of eq. (2), the first item is representative of the collapse stress by bending of the cell edge and the second item is representative of the collapse stress by stretch of the cell wall, showing that the n value is 3/2 for bending of the cell edge and 1 for stretch of the cell wall, respectively. Hence, the n value for a closed cell metal is expected to be 1$1:5. However, the results obtained from Fig. 5 showed that the n value is close to 2 for the cellular aluminum produced by the sintering method. The similar results of the high n value close to or more than 2 were obtained for the closed-cell metals processed by powder metallurgy. 9, 12) For cellular aluminum produced by liquidstate processes, the cell wall is thinner than the cell edge due to drainage of the liquid from the cell faces to the cell edges.
11) When the difference in thickness distribution between the cell wall and the cell edge is large, eq. (2) is effective because bending of the cell edge plays a major role in plastic collapse of the cellular metals. For the cellular aluminum produced by the sintering method, however, the difference in thickness between the cell edge and the cell wall is relatively little. In such a case, bending of the cell wall plays a major role in plastic collapse of the cellular metal. Gibson 13) analyzed the collapse stress when a cellular metal is collapsed by bending of the cell wall. According to the study, the collapse stress for bending of the cell wall can be given by
where C 3 is a constant. The experimental n value of 1.9 is almost in agreement with that expected theoretically by eq. (3), indicating that plastic collapse of the cellular aluminum produced by the sintering method is dominated by bending of the cell walls. This is in agreement with the observation result in Fig. 4 .
Conclusions
The cellular aluminum materials with relative densities of 0:1$0:25 were fabricated by the sintering method and effects of the density on compressive properties of the cellular aluminum were investigated. The results are concluded as follows.
(1) The stress in a plateau region increased and the densification strain decreased with increasing relative density. (2) Observation of the deformed cells revealed that the cell walls were bent. Besides, the stress in the plateau region was proportional to 1.9 power of the density. These suggest that plastic collapse is dominated by bending of the cell walls for the cellular aluminum produced by the sintering method.
